cenyl acetate (E11-14:OAc), and (Z)-11-tetradecenyl acetate (Z11-14:OAc) (Tóth et al., 1989) . The attractiveness of the synthetic mixture of these four components was demonstrated in both Hungary and Egypt (Tóth et al., 1989 (Tóth et al., , 1996 . Unfortunately, the mixture is much less attractive than virgin females in soybean fields in Japan (present study), and hence is not likely to be a promising monitoring tool. Similarly, in Taiwan, almost no males were captured using the synthetic pheromone mixture, while a number were caught with virgin female traps (Tóth et al., 1996) . These findings suggest possible geographic differences in sex pheromone communication systems among the populations of E. zinckenella.
In the present study, therefore, we investigated the pheromone gland extract from female moths collected in Japan and searched for other possible pheromone components. The sex pheromone of other Etiella species has been studied only in E. behrii (Zeller), and (E)-9-dodecenyl acetate (E9-12:OAc) is an essential component in the pheromone of this species (Wakamura et al., 1999) . It is possible that E. zinckenella also uses dodecenyl acetates in addition to tetradecyl and tetradecenyl acetates as pheromone components. Thus, we attempted to find not only the sex pheromone components identified by Tóth et al. (1989) , but dodecenyl acetates by using gas chromatography-mass spectrometry (GC-MS). Furthermore, we prepared synthetic pheromone mixtures with newly developed compositions, and compared their attractiveness to male moths with that of the previous blend, or that of virgin females in field trapping tests.
MATERIALS AND METHODS
Insects. Vegetable soybean seeds (variety: Yukimusume; Snow Brand Seed Co., Ltd., Sapporo, Japan) were sowed in a field at the National Institute for Agro-Environmental Sciences (NIAES; Kannondai, Tsukuba, Ibaraki Pref., Japan; 35.9°N, 140.0°E) on May 24 in 2007. Pods damaged by borers were collected in the field on September 10. They were put into plastic containers (28ϫ20ϫ 6 cm) with pieces of cotton and placed in an incubator kept at 30°C. Matured larvae emerged from the pods and made a cocoon in the cotton. After pupation, the pupae were sexed based on the morphology of abdominal terminal segments (Hattori, 1991 ) and transferred to a rearing room (60Ϯ5% relative humidity, L14:D10 photoperiod, 23Ϯ1°C). Emerged adults were housed in a sealed container (15 cm in diameterϫ9 cm in height) with a piece of cotton soaked with water.
Extraction of the sex pheromone. Extract was obtained from 2-d-old virgin females 3-4 h after lights-off when most of the females started calling behavior. The abdominal tips, which include sex pheromone glands, were excised and immersed in ca. 300 ml of hexane (Wako Pure Chemicals, Kyoto, Japan). The tips were removed after 30 min, and the extract was stored at Ϫ20°C prior to analysis. A total of 81 females were supplied for pheromone extraction.
Column chromatography. Column chromatography was carried out on 200 mg of Silica gel (Wakogel ® C-200; Wako Pure Chemicals) in a Pasteur pipette: 0, 5, 15, 25, and 50% ether in hexane (2 ml each) were successively used as elution solvents. The fractions were concentrated to ca. 100 ml under reduced pressure and subjected to further analysis by gas chromatography-mass spectrometry.
Gas chromatography-mass spectrometry (GC-MS). GC-MS analyses were conducted on an Agilent 6890N/5973 (Agilent Technology, CA, USA) in the electron impact mode at 70 eV. The interface temperature was kept at 230°C. A split/splitless injector was used in the splitless mode for 1 min and kept at 220°C. An apolar HP-1 (25 mϫ0.2 mm internal diameter, 0.33 mm film thickness; Agilent) or a polar DB-wax (30 mϫ0.25 mm I.D., 0.25 mm film thickness; J&W Scientific, CA, USA) column was used at a constant flow rate (1.0 ml/min). Helium was used as the carrier gas. The column oven temperature was maintained at 60°C for 1 min, and raised to 220°C at a rate of 7°C/min. The final temperature was then held for 8 min. For quantitative measurement of the amounts of compounds, an aliquot of the sample (ca. 2 female equivalents, FE) was mixed with 1 ng of an internal standard (tridecyl acetate; Sigma-Aldrich, MO, USA) before injection. In certain analyses, n-alkanes with an even number of carbon atoms (between 12 and 26) were added as references for the calculation of retention indices (KI; Kováts, 1965) . Under the above conditions, n-alkanes from C 14 to C 24 were eluted at approximately equal intervals.
Chemicals. Authentic pheromone chemicals used in the experiments were supplied by ShinEtsu Chem. Co., Ltd. (Tokyo, Japan). Monounsaturated compounds were purified (Ͼ99%) by high performance liquid chromatography (HPLC; HP1050 series; Hewlett-Packard, Avondale, PA, USA) equipped with an UV detector (lϭ210 nm) and a silver ion-coated Nucleosil 100-SA column (4.6 mm diameterϫ250 mm length, 5 mm particle size; GL Science, Tokyo, Japan). A hexane solution containing 30% ether was used as the elution solvent and the flow rate was set to 1 ml/min. A saturated compound (14:OAc) was purified (Ͼ99%) by reverse-phase HPLC with an ODS column (4.6 mm diameterϫ250 mm length, 5 mm particle size; GL Science). A methanol solution containing 1% H 2 O was used as the elution solvent and the flow rate was set to 0.5 ml/min.
Field tests. D-traps with 24 cmϫ30 cm sticky boards (SE-trap; Sankei Chem. Co., Kagoshima, Japan) baited with synthetic chemicals or virgin females were used for testing attractiveness to males in soybean fields in the Agricultural Research Institute of Ibaraki Agricultural Center (ARIIAC; Kamikunii-cho, Mito, Ibaraki Pref., Japan; 36.4°N, 140.4°E) and in NIAES. Synthetic chemicals dissolved in ca. 200 ml of hexane were impregnated into rubber septa (gray, 8 mm outside diameterϫ 19 mm height; West Co., Singapore). The solvent was evaporated at room temperature for one night. Traps were hung ca. 1 m above the ground at intervals of 5-10 m in the fields. The locations of traps were randomly changed when the numbers of males in the traps were checked. Data (X) were transformed to (Xϩ0.5) 1/2 before statistical analysis.
Field tests I, III, and IV were conducted in a soybean field at ARIIAC. The numbers of males captured were counted every 5 days from September 14 to October 13 in 2006 (Field test I; repeated 6 times), every week from August 14 to September 18 (Field test III; repeated 5 times), and every 2 days from October 24 to 31 (Field test IV; repeated 4 times) in 2007. Field test II was conducted in soybean fields at ARIIAC from October 1 to 8 (repeated 4 times), and at NIAES from September 19 to 26 (repeated 4 times with 2 replications of traps) in 2007. The numbers of males captured were counted every 2 days. A 1-to 3-d-old virgin female in a steel mesh cage (6 cm in diameterϫ6 cm in height) with a cotton pad soaked with a 5% honey solution was used for each female-baited trap in Field test II. All field test data (Table 1 and Figs. 3 and 4) are shown as the meanϮSE for one trap for one night.
RESULTS

GC-MS analyses of the pheromone gland extract
In preliminary experiments, only the fraction eluted in 5% ether/hexane solvent in column chromatography elicited clear courtship behavior in males, equivalent to the crude extract. We therefore focused on the 5% ether/hexane fraction and searched for pheromone components. When ca. 2 FE was injected into GC-MS apparatus equipped with a DB-wax column, four compounds, which were estimated to be pheromone components by their mass fragment patterns, were found (A-D, ). This information and mass fragment patterns suggested that A was a tetradecyl acetate, and B, C, and D were tetradecenyl acetates. The KI of A (2105 in the DB-wax column), B (2142), C (2146), and D (2158) were identical to those of authentic 14:OAc, Z9-14:OAc, E11-14:OAc, and Z11-14:OAc, respectively.
The 5% ether/hexane fraction of the extract was further concentrated under a stream of nitrogen and an aliquot (ca. 30 FE) was injected into the GC-MS system. Consequently, we found a quite small amount of compound (E, Fig. 1 ), which produced a fragment ion at m/z 61 (CH 3 COOH 2 ϩ ) and 166 (M ϩ Ϫ60). The mass spectrum indicated that compound E would be a dodecenyl acetate (Fig. 1) . We then compared its KI to those of authentic dodecenyl acetates stocked in our laboratory (Fig. 2) . The KI of E (1945 and 1790 in DB-wax and HP-1 column, respectively) coincided well with those of E9-12:OAc. Compound E was therefore proposed to be E9-12:OAc. The amount of compound E was less than 0.6% that of compound D (Z11-14:OAc), the most abundant pheromone component found in the extract.
Male attraction in the field
Based on Tóth et al. (1989) , we prepared a "standard" lure impregnated with four tetradecyl and tetradecenyl acetates, a mixture of 14:OAc, Z9-14:OAc, E11-14:OAc, and Z11-14:OAc (abbreviated as "Std" in this article). The blend ratio of four components (3 : 6 : 4 : 18, respectively; a total of 620 mg) was determined with preliminary analyses of the sex pheromone of E. zinckenella females collected in Japanese soybean fields. Moreover, various amounts (3-30 mg) of E9-12:OAc, a new compound discovered in the present analysis, were added to Std lures to examine its additive effect on male attraction (Field test I). Compared with the Std mixture, a significantly large number of males were attracted to the Std plus 3 mg of E9-12:OAc lure in the field (Fig. 3) ; however, the number of males attracted decreased as the amount of E9-12:OAc increased (Fig. 3) .
In the next field test (Field test II), the attractiveness of Std and the mixture with 3 mg of E9-12:OAc (hereafter the "full-component" mixture) was compared with that of virgin females. In the ARIIAC field, substantial and almost equivalent numbers of males were captured by traps baited with virgin females and the full-component mixture, whereas no males were attracted to the Std lure (Fig. 4) . In the NIAES field, the traps with the full-component mixture captured a significantly larger number of males than those with virgin females, whereas traps with the Std mixture captured only a few males (Fig. 4) .
Finally, we examined whether all five components (14:OAc, Z9-14:OAc, E11-14:OAc, Z11-14:OAc, and E9-12:OAc) are essential for male attraction in the field. Each component was subtracted from the full-component mixture, and consequently four-component mixtures were prepared (Field test III). Male moths were attracted to the full-component mixture, the mixture without 14:OAc, and the mixture without E11-14:OAc (Table 1) . No males were attracted to the mixtures without Z9-14:OAc, Z11-14:OAc, or E9-12:OAc (Table 1) . Z9-14:OAc, Z11-14:OAc, and E9-12:OAc were confirmed to be essential for male attraction in the field. We then prepared a ternary blend mixture with Z9-14:OAc, Z11-14:OAc, and E9-12:OAc, and compared its attractiveness with that of the full-component mixture (Field test IV). Both the ternary and full blend attracted substantial numbers of males, and no significant difference was observed between their attractiveness (Table  1) . 354 J. TABATA et al. Fig. 1 . Total ion chromatogram (TIC) and mass chromatograms in GC-MS analysis of the pheromone gland extract of female Etiella zinckenella, and mass spectrum of compound E found in it. The crude extract was fractionated with column chromatography before injection, and the fraction eluted in the 5% ether/hexane solvent (ca. 30 FE) was subjected to GC-MS.
DISCUSSION
We newly discovered E9-12:OAc in the pheromone gland extract of female E. zinckenella collected in Japan, in addition to 14:OAc, Z9-14:OAc, E11-14:OAc, and Z11-14:OAc, already identified by Tóth et al. (1989) (Figs. 1 and 2) . Although a number of males were attracted to the mixtures of tetradecyl and tetradecenyl acetates in Hungary and Egypt (Tóth et al., 1989) , the attractiveness was very small and much less than that of virgin females in Japan (Fig. 4) ; however, the addition of a small amount of E9-12:OAc significantly enhanced the activity of male attraction equal to virgin females in the field (Figs. 3 and 4) . We therefore conclude that E9-12:OAc is a component of the sex attractant pheromone of Japanese E. zinckenella. A synthetic mixture of 14:OAc, Z9-14:OAc, E11-14:OAc, Z11-14:OAc, and E9-12:OAc could be supplied as an efficient tool to monitor the emergence or population fluctuations of the pod 355 Sex Pheromone of Etiella zinckenella 4 . Numbers of male E. zinckenella captured by field traps baited with the standard pheromone mixture (Std), the mixture with 3 mg of (E)-9-dodecenyl acetate (Full-component), or a virgin female (1 to 3 days old) (Field test II). Scores indicate the meansϮSE for 1 trap for 1 night. Scores with the same letters at each location were not significantly different according to the Tukey-Kramer HSD test (pϾ0.05).
borer in Japan.
It is possible that E9-12:OAc is used in pheromonal communication systems of E. zinckenella in other populations, especially where tetradecenyl acetate mixtures are much less attractive than virgin females, such as in Taiwan (Tóth et al., 1996) , although this has not been investigated to date. Because no males were captured by traps with lures containing E9-12:OAc but lacking Z9-14:OAc or Z11-14:OAc (Table 1) , E9-12:OAc alone would not be enough to attract males. Rather, E9-12:OAc is considered to be a supplementary component in the E. zinckenella pheromone.
The numbers of males captured by field traps were generally small in the present study (maximally 1.9 males/trap/night). The inefficient capture of traps might be attributed to low population densities in soybean fields at both ARIIAC (Mito, Ibaraki Pref.) and NIAES (Tsukuba, Ibaraki Pref.). Naito and Masaki (1962) indicate that E. zinckenella is abundant where the mean atmospheric temperature is above 14°C. According to the database of the Japan Meteorological Agency (1971-2000; www.data.jma.go .jp/obd/stats/etrn/), however, the mean atmospheric temperatures of Mito and Tsukuba are 13.4 and 13.5°C, respectively, suggesting that the population size is not large. Actually, few adult moths were observed in the fields during the field test periods.
A series of subtraction tests of each component showed that Z9-14:OAc, Z11-14:OAc, and E9-12:OAc are essential for attracting males in the field, because no males were attracted when the lure lacked even one of them (Table 1) . On the other hand, the attractiveness of the pheromone mixture was not significantly changed when the other two components, 14:OAc and E11-14:OAc, were absent (Table 1) , and therefore it is unclear whether the two are functional. Tóth et al. (1989 Tóth et al. ( , 1996 also concluded that 14:OAc and E11-14:OAc, although present in the pheromone gland extract, are not necessary for maximal attraction of male E. zinckenella. Further investigations are necessary to reveal the roles of 14:OAc and E11-14:OAc in the E. zinckenella pheromone.
E9-12:OAc is utilized as a pheromone component, together with E11-14:OAc, Z11-14:OAc, and dodecyl acetate, in the congeneric species, E. behrii, and the optimal blend ratio is 10 : 6.3 : 90 : 0.7, respectively (Wakamura et al., 1999) . E. zinckenella and E. behrii are very similar in external morphology, and had been presumably confused (Hattori et al., 2001 ). E. behrii mainly inhabits tropical to subtropical regions, such as Taiwan, Borneo, Malaysia, New Guinea, and Australia (Yasuda, 1997) , while E. zinckenella is found from tropical to moderate regions. E. zinckenella is predominant in soybean fields in Japan, whereas E. behrii is occasionally sympatric and infests soybean pods (Yasuda, 1997) . E9-12:OAc had been considered to play an important role in species discrimination between E. zinckenella and E. behrii, because it had been found only in the sex pheromone of E. behrii (Wakamura et al., 1999) . In the present study, E9-12:OAc was also discovered in the sex pheromone of E. zinckenella; however, a higher content of E9-12:OAc resulted in a significant decrease in male response to the pheromone source (Fig. 3) . Considering that the amount of E9-12:OAc in the pheromone is minor in E. zinckenella (Ͻ0.6% of Z11-14:OAc) but the second greatest in E. behrii (Wakamura et al., 1999) , the ratio of E9-12:OAc would be important for conspecific mate-finding in E. zinckenella and E. behrii. The attraction of E. behrii was reduced when the pheromone mixtures contained Z9-14:OAc, which is an essential component of the E. zinckenella pheromone, suggesting that the presence of Z9-14:OAc also contributes to discrimination between the two species (Wakamura et al., 1999) . Moreover, differences in the overall amount of pheromone may help to prevent cross-attraction (Wakamura et al., 1999; Hattori et al., 2001) . The amount of pheromone components extracted from virgin females was quite small in E. behrii (Ͻ0.2 ng/female; Wakamura et al., 1999) , but relatively large in E. zinckenella (Ͼ2 ng/female in Z11-14:OAc; present study). In addition, the pheromone dose for maximum male attraction is very small in E. behrii (5.35-10.7 mg/septum; Wakamura et al., 1999) , compared with that in E. zinckenella (309-1,030 mg/septum; Tóth et al., 1996) .
E. behrii was not found in soybean fields at either ARIIAC or NIAES during our research, and no males of E. behrii were captured in a series of field tests. Further study of the perception and production of sex pheromones, especially in populations where both E. zinckenella and E. behrii are prevalent, would provide an insight into pre-mating isolation between E. zinckenella and E. behrii.
